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Abstract
The greater metabolic demand during the gait of people with a transfemoral amputation limits their autonomy and walk-
ing velocity. Major modifications of the kinematic and kinetic patterns of transfemoral amputee gait quantified using gait
analysis may explain their greater energy cost. Donelan et al. proposed a method called the individual limb method to
explore the relationships between the gait biomechanics and metabolic cost. In the present study, we applied this
method to quantify mechanical work performed by the affected and intact limbs of transfemoral amputees. We com-
pared a cohort of six active unilateral transfemoral amputees to a control group of six asymptomatic subjects.
Compared to the control group, we found that there was significantly less mechanical work produced by the affected leg
and significantly more work performed by the unaffected leg during the step-to-step transition. We also found that this
mechanical work increased with walking velocity; the increase was less pronounced for the affected leg and substantial
for the unaffected leg. Finally, we observed that the lesser work produced by the affected leg was linked to the increase
in the hip flexion moment during the late stance phase, which is necessary for initiating knee flexion in the affected leg. It
is possible to quantify the mechanical work performed during gait by people with a transfemoral amputation, using the
individual limb method and conventional gait laboratory equipment. The method provides information that is useful for
prosthetic fitting and rehabilitation.
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Introduction
People with transfemoral amputation expend more
metabolic energy while walking than non-amputees. It
is also known that the more proximal the amputation,
the greater the energy consumption.1 In addition,
Schmalz et al. have shown that the metabolic rate
increases at faster walking speed and is greater in peo-
ple with a leg amputation.1,2 The quantification of
metabolic energy cost, as an evaluation of the overall
efficiency of gait, has been widely used to compare
prosthetic elements.3–6 However, the reference method
of quantification, oxygen consumption, implies the
measurement of exhaled gas and cannot always be eas-
ily integrated into conventional gait analysis.
Among possible explanations for the greater
energy consumption of amputees, different coping
mechanisms, impacting both kinematic and kinetic
parameters of gait, have been described in the litera-
ture. The stance flexion of the prosthetic knee drama-
tically decreases and is often totally absent. Prosthetic
feet do not allow a powered plantar flexion at the end
of the stance phase,7 producing about 20% less push
off work at the prosthetic ankle compared to non-
amputees.8 Kinetic parameters of the contralateral
joints are also modified, as a consequence of the lack
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of prosthetic push off and to control the prosthetic
knee.8–10 Modifications are especially observed during
the double support phase of gait. Nolan and Lees11
showed an overuse of the patient’s intact limb com-
pared to normal ambulation. In particular, hip
moments were greater for people with transfemoral
amputation than for asymptomatic subjects. These
moments involve increased hip extensor activity in
early stance and increased hip flexor ‘pull-off’ activity
by the affected limb during push off.8 Schmalz et al.2
also showed the influence of prosthetic alignment var-
iations on the hip flexion moment necessary to initiate
knee bending in late stance phase and hypothesized
that the muscular effort needed was a cause for the
increase in oxygen consumption. The calculation of
mechanical work from gait analysis data may help us
to understand the causes of the variations of meta-
bolic energy expenditure.
It was hypothesized that the kinematic compensa-
tions during transfemoral amputee gait modify the cen-
tre of gravity path and can explain the metabolic
inefficiency of above knee amputee gait. However,
although the metabolic cost was 27% higher in ampu-
tees compared with normal subjects in the study by
Gitter et al.,12 no significant differences were noted in
the mechanical work done on the trunk centre of mass.
Moreover, Detrembleur et al.13 showed that even if the
vertical displacement of the body centre of mass was
much higher for transfemoral amputees due to the lack
of knee damping, the energy cost was not directly
affected thanks to the better efficiency of the
pendulum-like mechanism during the single stance
phase of gait. It may be that the major part of the
energy loss occurs during the step-to-step transition,
and thus, the calculation of external total energy of the
centre of mass may not be sufficient to explain the var-
iations in metabolic energy.
On the other hand, several inverted pendulum mod-
els of walking have been developed to investigate the
metabolic cost of human walking from the mechanical
point of view.14–16 Although the lower limb nearly
behaves as a pendulum during single support phase,
the need to redirect the centre of mass during double
support requires muscular work. Thus, Kuo et al.16
showed that work was needed between steps rather
than within each step.
In particular, Donelan et al.17 has shown that the
mechanical work needed for the step-to-step transitions
is a major determinant of the metabolic cost of walking
of asymptomatic subjects. Regarding amputee gait, the
step-to-step transition was evaluated by Houdijk et al.18
for transtibial amputees. They concluded that the
increase of mechanical work needed for the transition
from the affected limb to the intact limb contributed to
the increased metabolic cost.
Until now, no study has investigated this transition
for transfemoral amputees. However, it can be hypothe-
sized that this transition is all the more difficult for
transfemoral amputees due to the behaviour of their
prosthetic knee and foot. This is particularly true dur-
ing the transition between the affected limb and the
intact limb. People with a transfemoral amputation
must transfer their centre of mass on the intact limb
and to initiate prosthetic knee flexion, in order to
release the prosthetic knee joint. This hypothesis may
be consistent with the observation of Schmalz et al.2
and Radcliffe et al.10 concerning the increase of hip
flexion moment during the double stance of gait, con-
sidered as an active strategy to induce an external flex-
ion moment at the prosthetic knee. In this framework,
the aim of this study was to evaluate mechanical work
performed during step-to-step transition for transfe-
moral amputees compared to able-bodied people at dif-
ferent walking velocities.
Material and method
Subjects
Six active male transfemoral amputees (age: 43 6 13
years; height: 1.80 6 0.07 m; mass: 79 6 6 kg) and six
control subjects (three males and three females: age 29
6 5 years; height: 1.77 6 0.13 m; mass 72 6 13 kg) par-
ticipated in the study. All amputees used their own
prostheses. All the prosthetic knees had a regulation of
the swing phase, which was controlled by microproces-
sor for five of them. All patients were amputated for
traumatic reasons and were active walkers. The proto-
col was approved by the local ethics committee and all
subjects gave their consent.
Protocol
All experiments were performed on level ground. Each
subject first adopted their self-selected walking speed
(SSWS). This speed was identified by asking the subject
to walk along the 9 m walkway at a comfortable velo-
city. Then, the subject was asked to walk more slowly
on the same walkway, which allows determining his
slow walking speed (SWS), and finally, he was asked to
walk faster and his fast walking speed (FWS) was
obtained. So, each subject performed the experiment at
three different speeds. For each speed, at least five suc-
cessful trials were done by the subjects. The walkway
was equipped with two separate force plates (AMTI) in
the middle of the path. A trial was considered success-
ful when each lower limb hits the floor in one of the
two plates. So, for each trial, three components of the
ground reaction force and three components of the
ground reaction moment at the centre of the plate were
collected under each lower limb at a sampling rate of
120 Hz. During these trials, segmental and articular
kinematics were measured with an optoelectronic sys-
tem (Vicon V8i 8 cameras) at a sampling rate of 120
Hz. Markers were positioned on specific anatomical
landmarks in accordance with the protocol described
by Pillet et al.19
In addition, a static acquisition was performed prior
to the experiment in order to create a personalized
geometric model of the body. The method used to
obtain the geometric model was presented in details by
Pillet et al.19
Data analysis
The average walking velocity was quantified by calcu-
lating the average velocity of a marker placed on the
first thoracic vertebra. The position of the centre of
mass of the body was obtained from the subject-specific
geometric model. The volume of each body segment
was computed and used to find the mass and the centre
of mass of this segment. For sound segments,
Dempster’s20 densities were used. Prosthetic compo-
nents were weighed. The density of each prosthetic seg-
ment was adjusted to match the segment mass and was
used for the calculation of its centre of mass.
The three components of the velocity of the centre
of mass of the body were calculated as the first deriva-
tive of its three-dimensional (3D) coordinates using a
fourth-order finite difference. Prior to the derivation,
the data were filtered with a zero-phase forward and
reverse butterworth fourth-order filter at each step.
The cut-off frequency was 5 Hz.
Mechanical power was computed using the method
put forward by Donelan et al.21 The mechanical powers
produced by each lower limb were computed as the dot
product of the ground reaction force applied on each
limb and the body’s centre of mass velocity (see
Appendix 1 for more details). The mechanical work
was then assessed using the time integral of the mechan-
ical power profiles. In particular, the double support
phases of gait were analysed. For each cycle of gait,
two double support phases were defined: the mechani-
cal work calculated over the first and the second double
supports were called WDSlead and WDStrail, respec-
tively, according to the notations proposed by Houdijk
et al.18 They were divided by the body mass of each
subject and expressed in Joule per kilogram. So, for
people with amputations due to the asymmetry of gait,
it was possible to calculate two values of each para-
meter depending on the leading lower limb of the cycle
(prosthetic or contralateral).
To understand the link with lower limb kinetic adap-
tations, the peak hip moment during double support of
the late stance phase was selected. Using inverse
dynamic methods, hip moment was also computed
from force plate and segmental kinematic data. From
this curve, the maximum during the double support
phase (corresponding to the peak of hip flexion
moment) was calculated.
Statistics
Statistical analyses were performed using MATLAB.
Descriptive statistics for each parameter were first per-
formed. The influences of the speed and the limb
(prosthetic, contralateral and control) were tested using
a non-parametric test of Friedman for independent
observations. Correlation between mechanical work
and walking velocity was analysed using Pearson’s cor-
relation coefficient for each group (prosthetic leg, intact
leg and control group). Statistical significance was set
at p \ 0.05.
Results
Walking velocity
For the three walking conditions, Figure 1 shows that
walking velocities achieved by transfemoral amputees
were slower on average but in the range of speeds col-
lected for the control group.
Mechanical work
Average mechanical power patterns generated by the
affected limb, the contralateral limb and the limbs of
asymptomatic subjects are depicted in Figure 2 for the
Figure 1. Average walking speeds of each transfemoral subject
compared to the range of speeds observed for the control
group for the three walking conditions.
SWS: slow walking speed; SSWS: self-selected walking speed; FWS: fast
walking speed.
Figure 2. Mechanical power produced by affected limb (dashed
line) and intact limb (dash-dotted line) of transfemoral amputees
compared to asymptomatic subjects (solid line) (W/kg)
according to the percentage of gait cycle in the self-selected
walking speed condition.
SSWS. The shaded bands represent the interindividual
variability assessed by 61 standard deviation from the
mean.
Mechanical work calculated over the first and the
second double supports for each limb for each speed
condition is provided in Table 1. WDSlead and WDStrail
were available for all speeds for the intact limb but val-
ues at SWS could not be calculated for the affected
limbs. Indeed, because of the slow walking velocity, the
step lengths of the patients were too small to allow
them to strike both force plates during these trials.
Friedman tests showed a significant influence of the
speed at p= 0.02 and a significant influence of the limb
at p = 0.0001 on the mechanical work of the trailing
leg during double support time. The mechanical work
provided by the affected limb during double support
phases was always less than the one produced by the
control group. On the contrary, the mechanical work
produced by the intact limb at the end of the stance
phase was much greater than that of the control group.
WDStrail produced by the control group during the
second double support phase increased with walking
speed. This increase was lower for the affected limb and
higher for the contralateral limb (Figure 3). The corre-
lation between WDStrail and walking speed was shown
to be significant for the affected limb (r = 0.72, p =
0.008) and the contralateral limb (r = 0.75, p = 0.007)
of the amputee and for the control group (r = 0.72,
p= 0.008).
Hip moment
Mean and standard deviation of maximum hip flexion
moments computed for able-bodied subjects and trans-
femoral amputees are reported in Table 2. For all
speeds, the peak hip moment at the prosthetic side in
the population of amputees was larger by between 0.10
and 0.20 N m/kg than the one computed at the sound
side. It was also larger than the one computed for the
control group. Thus, the maximum hip moment was
greater in transfemoral amputees on their affected
limb.
Discussion
In this study, the aim was to investigate the mechanical
work required by the individual limbs during step-to-
step transition in a population of transfemoral ampu-
tees according to the walking velocity. A control group
was used as a reference. The results of mechanical work
during the step-to-step transition of the asymptomatic
subjects (WDSlead = 20.28 (0.05) J/kg and WDStrail =
0.18 (0.05) J/kg) were consistent with the results of
Houdijk et al.18 for transtibial amputees and for similar
Figure 3. Mechanical work of trailing leg during the second double support produced by the affected limb (black diamond) and the
intact limb (grey square) of transfemoral amputees compared to the one produced by the right limb of asymptomatic subjects (dark
grey triangle) according to walking velocity.
Table 1. Mechanical works (J/kg) at three different walking velocities.
Walking velocity
conditions
Parameters (J/kg) Amputee patients:
intact limb cycle
Amputee patients:
prosthetic limb cycle
Control subjects
SWS WDSlead 20.12 (0.02) NA 20.13 (0.03)
WDStrail 0.22 (0.03) NA 0.25 (0.05)
SSWS WDSlead 20.19 (0.09) 20.12 (0.05) 20.18 (0.04)
WDStrail 0.34 (0.10) 0.09 (0.03) 0.28 (0.06)
FWS WDSlead 20.30 (0.14) 20.23 (0.14) 20.37 (0.11)
WDStrail 0.48 (0.23) 0.13 (0.05) 0.39 (0.11)
SWS: slow walking speed; SSWS: self-selected walking speed; FWS: fast walking speed; NA: not available data; WDSlead and WDStrail: given for each
limb cycle for amputee patients.
walking velocities. In accordance with the literature, the
walking velocities chosen by people with amputation
were slower on average than those of asymptomatic
subjects. However, the subjects were active enough to
be able to walk with speeds in the range observed in the
control group.
Our results for transfemoral amputees were funda-
mentally similar in nature to those for transtibial
amputees studied by Houdijk et al.18 but the effects
were quantitatively much greater in the transfemoral
amputees. The affected limb was able to produce lim-
ited mechanical work in late stance (WDStrail = 0.09
(0.03) J/kg vs 0.16 (0.04) J/kg for transtibial ampu-
tee18). The mechanical work produced by the intact
limb in late stance was much greater for transfemoral
amputees (WDStrail = 0.34 (0.10) J/kg) than for trans-
tibial amputees (WDStrail = 0.27 (0.04) W/kg
18). It
confirmed the finding of Tesio et al.22 who observed a
greater asymmetry of mechanical energy changes of the
centre of mass for above knee amputees than for below
knee amputees. The results showed that mechanical
work produced by the prosthetic leg during the push
off phase, when the intact limb was leading, was dra-
matically less compared to the control group. In paral-
lel, the mechanical work of the intact leading limb
increased. These results are consistent with previous
study, which showed a decrease of the prosthetic ankle
power generated during the propulsion and a greater
concentric hip extensor work done in early stance for
the contralateral limb.8 At the same time, the mechani-
cal work produced during the push off of the intact
limb significantly increased compared to the control
group for comparable ranges of speed. This result is
consistent with the findings of Nolan and Lees11 con-
cerning the functional demand on the intact limb for
transfemoral amputees.
The increase of mechanical work production by the
intact limb partially compensates the decrease of
mechanical work resulting from the affected limb.
Donelan et al.21 already showed that the combined
limbs method underestimates external mechanical work
because during double support positive and negative
work is performed simultaneously by the leading and
the trailing legs.
One of the principal limitations of the present study
is that we did not measure oxygen consumption during
gait; it was therefore impossible to calculate the corre-
lation between the increase of mechanical work and the
increase of metabolic cost. However, as stated in the
introduction, the measurement of gas exchange during
gait necessitates a specific instrumentation and is often
performed in treadmill.13,18 In contrast, the quantifica-
tion of mechanical work can be made using the conven-
tional gait analysis equipment and can therefore be
integrated in the follow-up process of people with
amputation.
Not surprisingly, average mechanical power during
step-to-step transitions increased with walking velocity
for both asymptomatic and amputee subjects. This con-
firms the results of previous studies on asymptomatic
subjects16,17 and amputees.18,22 But, as the present
research is the first to apply the individual limb method
to calculate mechanical work during step-to-step transi-
tion for people with transfemoral amputation, it pro-
vides an original insight into the asymmetric work
produced by each limb for these patients. As already
showed by Kuo et al.,16 the total mechanical power is a
good estimation of the resulting power from the three
major joints of the lower limbs (ankle, knee and hip).
Therefore, mechanical power analysis provides an over-
view of the combined actions of these joints in produc-
ing mechanical work useful to the locomotion.16
As regards the influence of walking velocity,
mechanical work produced by the trailing limb during
the double stance phase is clearly correlated with walk-
ing velocity. For asymptomatic people and for people
with a unilateral transfemoral amputation, this work
increased with walking velocity. However, the amount
of mechanical work that can be produced during the
propulsion by the affected limb is further limited at
faster walking velocities. On the contrary, the mechani-
cal work that must be produced by the intact limb in
late stance rapidly increased with walking velocity
showing the additional demand on the intact limb to
ensure the progression of the body. This finding is con-
sistent with the increase of metabolic cost observed for
transfemoral amputees depending on walking velocity.2
As already stated in the literature, the double stance
phase is a critical phase of gait for transfemoral ampu-
tees as it corresponds to the period when knee flexion
must be initiated.2,10 Seroussi et al.8 observed an
increase of concentric hip pull-off for the affected limb
referring to the concentric work done by hip flexors
during push off. Schmalz et al.2 also noted an increase
of hip moment to initiate knee bending when shifting
the prosthetic knee joint posteriorly. Considering the
Table 2. Mean and standard deviation of the maximal hip extension moments (N m/kg) for the three walking velocity conditions for
both limbs of transfemoral amputees and control subjects.
Maximum of external hip
extension moment (N m/kg)
Amputee: intact limb Amputee: prosthetic limb Control subject
SWS 0.51 (0.10) 0.72 (0.17) 0.57 (0.17)
SSWS 0.74 (0.31) 0.86 (0.22) 0.80 (0.13)
FWS 0.86 (0.29) 1.06 (0.34) 1.02 (0.14)
SWS: slow walking speed; SSWS: self-selected walking speed; FWS: fast walking speed.
mechanical behaviour of a prosthetic knee, knee flexion
initiation may require a flexor moment at the joint that
can be obtained by generating a flexion moment at the
hip.10 The results of the present study support the
increase of hip moment at the prosthetic hip, which is
also correlated with walking velocity. Hip moment val-
ues are in accordance with those of Sjo¨dahl et al.23 even
if they are difficult to compare due to different walking
velocities. The hip moment generated at the residual
limb reorients the ground reaction force in order to
make it go behind the knee joint allowing knee bend-
ing. However, reorientation of the force has the direct
consequence of decreasing mechanical work of the
prosthetic leg, observed for the patients with transfe-
moral amputation, preventing them from producing as
much work as asymptomatic subjects during push off.
Thus, we can speculate that the reorientation of the
ground reaction force can be achieved with strong
muscle activity at the hip that can explain a part of
the increased metabolic cost for transfemoral
amputees as already hypothesized by Schmalz et al.2
and Seroussi at al.8
To conclude, the results confirm that the step-to-step
transition is a critical phase of gait, and that measuring
the mechanical work of the individual limbs can be a
useful method that may correlate with the metabolic
demand of walking in transfemoral amputees. In partic-
ular, the study shows the limitations undergone by
transfemoral amputee, which results from a significant
decrease of the mechanical work produced by the
affected limb in opposition with an increase of this
study at the intact limb during step-to-step transition
compared to the control group. We also found that
affected limbs were unable to increase the produced
mechanical work with walking velocity in the same
amount as the contralateral limb or the asymptomatic
limbs. These limitations were also related to the increase
of the hip flexion moment during the late stance phase,
necessary to initiate prosthetic knee flexion. The process
of prosthetic fitting and rehabilitation are dedicated to
enhance gait to improve patients’ autonomy in the soci-
ety. To validate mechanical work of individual limbs as
an indicator of the energetic efficiency of gait, an
experiment combining metabolic demand quantifica-
tion and mechanical work should be designed.
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Appendix 1
Details on the calculation of the mechanical power
When walking, three forces are applied to the human
body during the double support phase: ~W the gravity
action modelled by a force applied at the centre of mass
of the body; Fr
!
and Fl
!
the right and left ground reac-
tions, respectively. Noting gG=Ro
! the acceleration of the
centre of mass and m the total mass of the body, it is
possible to express the dynamic equilibrium
mgG=Ro
!= ~W+Fr!+ Fl! ð1Þ
The energetic analysis of the system also allows writing
Pkin=Pext+Pint ð2Þ
where Pkin= dEkin=dt is the kinetic power defined as
the derivative of the kinetic energy, Pext is the power of
external actions and Pint is the power of internal
actions.
Considering that the feet do not slide on the ground,
the external power is reduced to the power of the grav-
ity action, which is equal to P( ~W)= ~W3VG=Ro
!
where
VG=Ro
!
is the velocity of the centre of mass of the body.
So, equation (2) becomes
dEkin
dt
= ~W3VG=Ro
!
+Pint
The total kinetic energy is composed of kinetic
energy of the translation of the centre of mass and
kinetic energy due to the rotations of the body seg-
ments. Making the hypothesis that the kinetic energy
due to the rotations of the body segments can be
neglected in front of the kinetic energy of the transla-
tion of the centre of mass, equation (2) can be written
as follows
d
P
segments
1
2 3mi(VGi=Ro
!
)
2
" #
dt
= ~W3VG=Ro
!
+Pint
Giving
mgG=Ro
!3VG=Ro!= ~W3VG=Ro!+Pint ð3Þ
Combining equations (1) and (3), we obtain
Pint=Fr
!
3VG=Ro
!
+ Fl
!
3VG=Ro
!
So, the sum of the mechanical powers produced by
each lower limb is an estimation of the mechanical
power of the body.
The mechanical work of each individual limb was
then assessed using the time integral of mechanical
power profiles provided by each term of this sum.
